Abstract -It has been known for many years that amphiphiles such as synthetic surfactants aggregate reversibly in water to form micelles. More recently it has been recognised that when a block copolymer is dissolved in a liquid that is a 'solvent' for only one of its polymeric components, the block copolymer may also form stable colloidal particles. In this contribution aspects of the association behaviour of block copolymers in selective organic solvents are compared with the behaviour of synthetic surfactants in water.
INTRODUCTION
The reversible aggregation of amphiphiles, which are molecules that contain both hydrophobic and hydrorhilic components, has been studied extensively since the early part of this century (Ref. 1 & 2) . The topic still continues to attract enormous attention. One of the earliest workers in the field was McBain (Ref. 3) who recognised that simple surfactants could aggregate reversibly in water. The products of the association process he termed micelles. However, when the concept was first proposed it was greeted with much scepticism and did not become properly established until the basic structural features of surfactant micelles were worked out by Hartley in a series of classic studies (Ref.
it).
It is now recognised (Ref. 5 ) that micelle formation occurs as the result of two opposing forces. These are an attractive force leading to association of the molecules and a repulsive force that prevents unlimited growth of the micelles to a distinct macroscopic phase. Micelles formed by amphiphiles consist of a hydrophobic core surrounded by polar or ionic groups which protrude into the aqueous medium. In amphiphiles containing ionic head groups the repulsive force arises primarily from electrostatic interactions. In amphiphiles containing non-ionic head groups, such as poly( oxyethylene), it is the preference for hydration as opposed to self-association that is the main factor involved. The attractive force stems from the hydrophobic effect, the origin of which is the structural adjustment which takes place in water when hydrophobic units are separated from it (Ref. 5 & 6) . The separation leads to an overriding increase in entropy and hence a reduction in free energy.
It has been shown that synthetic surfactants can form both globular and elongated micelles (Ref. [7] [8] [9] [10] . The majority of investigations, however, have been carried out on systems containing predominantly globular micelles. The latter, which typically might have association numbers of the order of 50-100, are believed to have narrow size distributions. It has been found that regardless of the shape of the micelles the cores of surfactant micelles contain very little water and are liquid-like provided the molecular weight of the hydrophobic group is not too high (Ref. 11 & 12) . It is still not fully understood, however, bow the relatively stiff hydrocarbon chains (which form the hydrophobic group in many surfactants) can uniformally fill the space in a roughly spherical or cylindrical core. One possible explanation has recently been put forward by Fromherz (Ref. 13) who argues that there is some parallel stacking of the chains in the micellar cores.
When polymer chemists started to prepare and fractionate graft and block copolymers in the 1950's, they noticed the formation of stable aggregates in certain organic liquids. This occurred whenever the organic liquid was a 'non-solvent' for one of the components of the copolymer but a good solvent for the other. It was argued by Merritt (Ref. 1k) and later by Benoit et al that these copolymer micelles had structures similar to surfactant micelles.
In the present contribution consideration will be given to the shape and solution behaviour of micelles formed by a number of well characterized block copolymers in selective solvents. The results will be compared and contrasted with the behaviour of micelles formed by synthetic surfactants in aqueous solution.
SIZE DISTRIBUTIONS OF MICELLES
Let us first consider the type of process involved in micelle formation:
As shown, formation of an N-mer, MN, in dilute solution from unassociated chains, M1, must occur through a multistage addition process. (Note: whilst the solvent plays an essential role in these stages, it has been omitted here for ease of presentation If the equilibrium constants for each stage were approximately equal the associated species would have a broad size distribution. This extreme case is often termed open association (Ref. 18 ). An example of this type of behaviour is provided by solutions of simple surfactants in hydrocarbon solvents (Ref. 19) .
At the other extreme is the case where only a narrow range of associated species are present in significant proportions. For thermodynamic purposes it is then sometimes assumed as a first approximation that there is just a single equilibrium between unassociated molecules and micelles of fixed size:
where m is taken to be the aggregation number of the most abundant micelles in the narrow distribution. The single stage process is often termed closed-association (Ref. 18 ).
In the case of block copolymer micelles conventional techniques such as gel permeation chromatography (Ref. [20] [21] [22] and ultracentrifugation (Ref. 23) have been used to determine the size distributions. These direct methods are possible because the rate of relaxation of micelles to free-chains (i.e. unassociated chains) can be extremely slow (Ref. 2k).
In Fig. 1 , gel permeation chromatograms are shown for a polystyrene-bpolyisoprene block copolymer, aesignated PStPIp, for which in the unassociated state w = 43,000, Mw/Mn = 1.05 and M (polystyrene block) = 34,000. Chromatograms are recorded for the copolymer in N ,N-dimethylacetamide at 26°C, 60°C and 110°C (Ref. 20) . Rigid poly(styrene-divinyl benzene) gel was the packing material used in the columns. The single sharp peak of low elution volume observed at 26°C (see Fig. la ) indicated that micelles having a very narrow size distribution were present in the solution and that the micelle/free-chain equilibrium was predominantly in favour of micelle formation. The reverse flow method of correction for instrumental spreading showed that Mw/Mn < 1.02.
Since N,NdimethYlacetaflhide is a selectively bad solvent for polyisoprene, we can assume as a first approximation that the micelles consisted of a core of swollen polyisoprene blocks and an outer fringe of polystyrene blocks. A more realistic model, however, would be one in which there was a smoother change in average segment composition on moving outwards from the middle of the micelle. That the size distribution is narrowed on micelle formation is not surprising and is predictable from statistical arguments for closed association (Ref. 25) . Since the majority of the micelles remained intact as they passed through the columns over a period of hours, the rate of dissociation of the micelles to free chains must have been very slow at 26°C.
On raising the temperature of the solution the equilibrium shifted progressively in favour of the free-chain form. The chromatograms indicated the presence of both micelles and free chains in the temperature range 50-65°C. Figure lb shows the chromatogram for 60°C. The spreading between the micelle peak (Ve a 127 cm3) and the free chain peak (Ve a 160 cm3) can be attributed to the effect of dilution on the micelle/free-chain equilibrium together with a relaxation time at this temperature which was comparable with the elution time. The extensive spreading which occurred at high elution volumes (up to Ve = 180 cm3 and beyond) was due to strong absorption of the free chains on to the gel matrix. The very narrow size distribution of micelles formed by PStPIp in N,N-dimethylacetamide was confirmed by ultracentrifugation (sedimentation velocity analysis) and by electron microscopy (Ref. 20 & 2L1) . Only the latter results will be considered here.
Specimens were prepared for electron microscopy by allowing drops of solution to spread and evaporate on a carbon substrate. As the solvent evaporated the micelles collapsed to form particles having a density similar to that of bulk polymer. From shadowing it was deduced that the spherical micelles became approximately disc shaped during isolation because they tended to flow and wet the carbon substrate. A typical electron micrograph of micelles isolated from PStPIp in N,N-'dimethylacetamide is shown in Fig. 2 . The micelles were stained in solution with osmium tetroxide prior to isolation. The osmium tetroxide selectively reacted with the olefinic bonds of the polyisoprene, The polyisoprene appears black in the micrograph and the polystyrene dark grey.
Results from gel permeation chromatography, ultracentrifugation, and electron microscopy have been obtained by us for a variety of block copolymers in different solvents (Ref. 21t). Taken together they show unequivocally that block copolymers in selective organic solvents can form micelles having very narrow size distributions, Over the years workers have found it much more difficult to obtain detailed information concerning the size distribution of micelles formed by synthetic surfactants, although it is believed that such systems do have fairly narrow size distributions, The problem stems basically from the rate at which such micelles can dissociate and reform, Kinetic studies on a number of simple cationic and anionic surfactants hav revealed two relaxation times (Ref. 26 & 27) . One is in the range lO2_lOs.l and the other in the range 1O-l07sl. According to the theory of Aniannson and Wall (Ref. 28 ) the first relates to the overall equilibrium process and the second to the removal of individual molecules from a micelle. In such circumstances, gel permeation chromatography and electron microscopy techniques are not very useful for investigating size distributions because they all involve concentration changes during the experiment. The length of the unassociated molecule is undoubtedly an important factor in governing relaxation rates. Recently in our laboratory we investigated micelle formation by the non-ionic surfactant, CH3(CH2CH2O)27(CH2)17CH3 in water (Ref. 29) . With this relatively high molecular weight surfactant it was found possible to apply gel permeation methods directly and the micelles were found to have a narrow size distribution.
FORMATION OF WORM-LIKE MICELLES
Large changes in light-scattering dissymmetry indicating the formation of extended micelles were reported thirty years ago for amphiphiles in aqueous media (Ref. Fig. 3 . The specimen was isolated from a solution of a polystyrene-b-polyisoprene block copolymer in N,N-dimethylacetamide using a procedure similar to that described earlier; the unassoôiated copolymer had a weight average molecular weight of 29,000 g mol and contained 28.5% by weight polystyrene (Ref. 35 ).
THE THERMODYNAMICS OF MICELLE FORMATION
If it is assumed the associated solution is ideal except for intramicellar Two approaches have been used for resolving the free energy of micellization into its enthalpy and entropy components. The most satisfactory approach from a thermodynamic standpoint involves the determination of the standard enthalpy of micellization, Au0, from direct calorimetric measurements (Ref. [36] [37] [38] . It becomes increasingly difficult to apply, however, as the c.m.c. of the system under investigation decreases. The second approach involves 
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If AH° is taken to be independent of temperature, the above relation yields formed by a polystyrene_b.-poly(ethylene/propyj.ene) block copolymer (designated here PStPEp) in n-.decane (Ref. hO), The block copolymer was provided by Shell Research Ltd. It had been prepared by hydrogenating the polyisoprene block of a polystyrene-bpolyisoprene block copolymer, U.v. spectroscopy showed the copolymer contained 38.5 ± 3.0% by weight of polyisoprene. Its number-average molecular weight (determined by membrane osmometry usig toluene which is a good solvent for both components) was 97,000 g mol • Gel permeation chromatography gave the ratio of the weight..
average to number-average molecular weight, MW/Mn, to be l.1LL. Electron microscopy studies showed that the micelles formed by the block copolymer in n-decane were of the globular type and had a narrow size distribution. Table 1 for T = 86°c.
The results in Table 1 show that for the PStPEp block copolymer in n-decane it is the enthalpy contribution to the free energy change which is responsible for micelle formation. As could be predicted from simple statistical arguments, the entropy contribution is unfavourable to micelle formation, The negative standard enthalpy of micellization stems from the exothermic interchange energy accompanying the replacement of (polymer segment)-(solvent) interactions by (polymer segment)-(polymer segment) interactions At lower temperatures, or higher concentrations, this interchange energy is sufficient to outweigh the entropic factors tending to disperse the copolymer chains freely throughout the solution. The block copolymer micelles are held together by net van der Waals attractions and could meaningfully be described as van der Waals macromolecules or van der Waals complexes. The combined effect (per copolymer chain in the micelle) is an attractive interaction similar in magnitude to that posed by a covalent chemical bond. Although results for only one block copolymer are presented here, the net attractive interaction can be expected to increase with the number of segments in the copolymer chain.
In contrast, for synthetic surfactants in water, it is the entropy contribution to the free energy change which is the thermodynamic factor mainly responsible for micelle formation. The sign of the entropy change has been explained in terms of the hydrophobic effect mentioned in the introduction. The standard enthalpy of micellization for synthetic surfactants is generally small and may be positive or negative depending on the system in question. Included in Table 1 At 300C globular micelles were overwhelmingly the preferred form for dilute solutions of PStPEp in n-decane. From the light scattering results discussed earlier the c.m.c. at 300C was estimated to be 2.14 x 108g cm 3. The latter is far below the concentration at which useful light scattering measurements could be made on the block copolymer solution. Light scattering results for the system at 30°C are shown in Fig. 8 , where (Kc/R0)0=o is plotted against concentration. Since the block copolymer was homogeneous in chemical composition.
(Kc/R0)00 = + 2A2c + Extrapolation of the results to zero concentration yielded a value for the weight-average molecular weight of the micelles of 6.6 x lO6g mol1.
The compact nature of the PStPEp micelles formed in n-decane was reflected by the dependence of the dissymmetry ratio, 1(450)11(1350), on concentration.
As shown in Fig. 9 the dissymmetry ratio fell below unity at c= O.8x10'3g cml This behaviour can be predicted quite well by assuming that on increasing the concentration the micelles packed together like hard spheres (i.e. the local packing can be described by radial distribution functions for hard spheres). A similar calculation has been described previously by us (Ref 44) . For the present case the effective hard sphere radius was set equal to 46.4 nm. The first part of the dissymmetry curve (indicated by the full line in Fig. 9 ) was calculated using radial distribution functions obtained from The repulsive potential between the micelles stems primarily from the large reduction in entropy when the relatively dense micellar fringes overlap. Dissymmetry ratios below unity are not generally observed for flexible unassociated chains basically because the repulsive potential is much softer and the coils are able to interpenetrate more effectively.
